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Insight into the reversible structural crystalline-
state transformation from MIL-53(Al) to MIL-
68(Al)†
Adelaida Perea-Cachero, a Enrique Romero,b
Carlos Téllez *a and Joaquín Coronas a
The reversible crystalline transformation between MIL-53(Al) and
MIL-68(Al) is described. This followed a uniform conversion model
with cleavage and formation of metal–ligand bonds after exchange
or removal of guest molecules. MIL-68(Al) materials produced
during the transformations had higher thermal stability and
crystallinity than the as-synthesized MIL-68ĲAl).
Metal–organic frameworks (MOFs) have gained much
attention in the last decade owing to their exceptional
properties leading to a widespread range of applications, e.g.
gas adsorption, gas separation and storage, catalysis, thin film
devices, luminescence, magnetism and conductivity.1–6 Their
remarkable properties comprise large pore volumes and
surface areas, permanent porosity, chemical and structural
diversity, a wide range of pore sizes, high thermal and
chemical stabilities, and structural flexibility.3,7–12 The
molecular design of MOFs is a tool to tune the framework
structures and achieve different network topologies which
influences their properties and applications.11 The structural
flexibility of MOFs is reflected in changes in the coordination
number and geometry, dimensionality, chirality,
interpenetration, topology, etc., through the breaking and
forming of coordination and/or covalent bonds13,14 after
different external stimuli (temperature, pressure, removal or
exchange of guest molecules, light, heat, post-synthetic modi-
fication, mechanochemical force, etc.).13,15–18
In this regard, single-crystal to single-crystal transforma-
tions (SC–SC) of MOFs have attracted recent interest because
the physical–chemical changes in the framework can be accu-
rately associated to the structural and property changes before
and after the stimulus action.14,18,19 However, obtaining a per-
fect single-crystal is not a trivial issue, as crystal growth and
post-synthetic processes damage crystals.14 In addition, crys-
tals can barely maintain their single crystallinity when suffer-
ing a drastic solid-state rearrangement of atoms.17,18 Single-
crystal X-ray diffraction (SCXRD) provides valuable informa-
tion about crystalline-state transformations.14 When single-
crystals are not available, alternative techniques (powder X-ray
diffraction (PXRD), thermogravimetric analysis, infrared
spectroscopy, Raman spectroscopy, atomic force microscopy,
etc.) are needed to properly describe the crystalline-state
transformations.13,20
MOFs MIL-68 (Kagomé topology)21 and MIL-53 (sra topol-
ogy with 44-nets)22,23 are polymorphs when their pores are
empty.24 MIL-68 and MIL-53 structures are constructed from
infinite chains of inorganic MO4ĲOH)2 (M, metal) octahedra
linked by the apical trans hydroxyl functions.25,26 Two consec-
utive octahedra are linked by two carboxylate groups.26 Octa-
hedral chains are connected by terephthalate ligands to create
one-dimensional channels.25,26 MIL-68 presents triangular as
well as hexagonal channels (6.0–6.4 and 16–17 Å, respec-
tively),21,26,27 while MIL-53 only has rhombic cavities (ca. 8.5
Å).19,25 MIL-68 and MIL-53 represent good examples of rigid
and flexible MOF frameworks, respectively. The process re-
lated to the structural flexibility of MIL-53, commonly called
breathing, is considered as a crystalline-state transformation
where the structure reversibly shrinks or expands in the pres-
ence of guests.13,19 When MIL-53(Al) is synthesized, known as
MIL-53ĲAl)as (as-synthesized), its structure contains disor-
dered terephthalic acid (TPA) molecules in the pores.19 The
calcination of MIL-53ĲAl)as leads to the removal of the TPA,
achieving the MIL-53ĲAl)lp (large-pore) form with empty and
enlarged pores.19 On exposure of MIL-53ĲAl)lp to air, the
framework adsorbs water molecules, leading to pore contrac-
tion and giving the MIL-53ĲAl)np (narrow-pore) phase.19
Some interesting structural transformations related to
MIL-type materials have recently been reported. The
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topological isomers MIL-101(V) and MIL-88B(V) converted
into MIL-47 upon heating at 200 °C in ethanol or in an etha-
nol/HCl solution.28 The structural and morphological trans-
formation of MIL-68(In) to QMOF-2 by a thermal treatment
(100 °C) in the presence of an excess of TPA (dissolved in N,
N-dimethylformamide, DMF).29 The crystal growth of NH2-
MOF-235 in a solution of Al3+ and terephthalate ions in DMF
led to the formation of NH2-MIL-101ĲAl) when the tempera-
ture was increased.30 NH2-MIL-88BĲFe) can undergo a revers-
ible transformation into NH2-MIL-53ĲFe) upon caffeine encap-
sulation and release.31
In this work, the reversible transformation from MIL-
53(Al) into MIL-68(Al) was accomplished following two paths
(see Fig. 1): (1) from MIL-53ĲAl)as and (2) from MIL-53ĲAl)np.
MIL-53(Al) materials were soaked in DMF at 130 °C under re-
flux and stirring for 3 d, leading to MIL-68ĲAl)_1 and MIL-
68ĲAl)_2, respectively. Then, both MIL-68ĲAl)s were outgassed
at 260 °C for 1 d and, after exposure to the environment, the
np phase of MIL-53(Al) was achieved (MIL-53ĲAl)np_1 and
MIL-53ĲAl)np_2, respectively).
As observed by scanning electron microscopy (SEM,
Fig. 2), MIL-53ĲAl)as crystals (5–10 μm in size) do not have
the typical shape of elongated hexagonal prisms (Fig. 2a).33
When MIL-53ĲAl)as was calcined at 330 °C for 3 d, the
resulting MIL-53ĲAl)np maintained the initial shape, although
some crystals were broken leading to small particles on their
surface (Fig. 2d). When transforming MIL-53(Al) into MIL-
68(Al) and MIL-68(Al) into MIL-53ĲAl)np, the shape and size
of the crystals were preserved (first and second rows from
bottom in Fig. 2). Nonetheless, several crystals were broken,
probably due to the stirring action during the immersion in
DMF.
Because the crystal size was not appropriate for
performing SCXRD, PXRD was used to characterize the crys-
talline structure of the samples (Fig. 3). The MIL-68ĲAl)_1 and
MIL-68ĲAl)_2 curves agree well with that of MIL-68ĲAl)as pow-
der. The presence of the peak at 2θ = 4.8° in MIL-68ĲAl)as,
but not in MIL-68ĲAl)_1 and MIL-68ĲAl)_2, is related to certain
preferential orientation of crystals which changes are due to
the different particle size and shape of the MIL-68ĲAl)s. As
seen by SEM, needles of MIL-68ĲAl)as (ca. 1.25 μm in size) are
randomly oriented forming spherical aggregates (Fig. S1a†),
whereas prisms of MIL-68ĲAl)_1 and MIL-68ĲAl)_2 have this
certain preferential orientation due to their larger faces (b
axis parallel to the sample holder, Fig. 2),33 leading to the
disappearance of the above-mentioned reflection (the plane
corresponding to the peak is not seen in the MIL-68(Al) crys-
tals with the shape and size of MIL-53ĲAl)). This lack of peaks
in the XRD has been previously observed in oriented crystals
Fig. 1 Schematic representation of the reversible transformation from
MIL-53(Al) to MIL-68ĲAl). Molecular graphics were done with
Diamond32 using the cif files of MIL-68ĲSc),6 MIL-53ĲAl)as (CCDC
220475)19 and MIL-53ĲAl)np (CCDC 220477).19
Fig. 2 SEM images of (a) MIL-53ĲAl)as, (b) MIL-68ĲAl)_1, (c) MIL-
53ĲAl)np_1, (d) MIL-53ĲAl)np, (e) MIL-68ĲAl)_2 and (f) MIL-53ĲAl)np_2.
Fig. 3 PXRD patterns of the products of the reversible transformation
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of MOFs grown on supports.34 In agreement with this, MIL-
68ĲAl)_1 and MIL-68ĲAl)_2 are more crystalline than MIL-
68ĲAl)as and the peaks are narrower since the crystals are
larger. Besides, MIL-53ĲAl)np_1 and MIL-53ĲAl)np_2 feature
the MIL-53ĲAl)np structure. The PXRD characterization con-
firms that both transformations were totally reversible and
that crystallinity was preserved. The observed amorphization
by Panda et al.35 in another kind of MOFs has not been
detected during our transformation which does not rule out
that this happens as a rapid transition to a crystalline phase.
Since MIL-53 and MIL-68 are polymorphs, similar Fourier
transform infrared (FTIR) spectra were expected although
they could be readily differentiated and identified by means
of this technique (see Fig. S2†). The spectra of MIL-68ĲAl)_1
and MIL-68ĲAl)_2 are consistent with the spectrum of MIL-
68ĲAl)as and indicate the presence of DMF and some TPA
molecules in the pores (bands of the carbonyl groups (CO)
at 1674 and 1701 cm−1, respectively). The presence of TPA in
MIL-68ĲAl)_1 is ascribed to a non-complete elimination from
the pores of MIL-53ĲAl)as by solution with DMF. In MIL-
68ĲAl)_2, it is assigned to a small residual amount of TPA
coming from MIL-53ĲAl)np. The spectra of MIL-53ĲAl)np_1
and MIL-53ĲAl)np_2 match that of MIL-53ĲAl)np. The weak
band at 1699 cm−1 in MIL-53ĲAl)np_2 points to a partial re-
moval of TPA when MIL-68ĲAl)_2 was outgassed.
Fig. S3† shows the thermogravimetric analysis (TGA) and
differential thermogravimetric (DTG) curves in air of the
products obtained in this work. The weight-losses are de-
tailed in the Fig. S3† caption. Upon treatment in DMF, MIL-
53ĲAl)as and MIL-53ĲAl)np transform into MIL-68(Al) (MIL-
68ĲAl)_1 and MIL-68ĲAl)_2) containing around 1% of TPA. The
outgassing at high temperature gives rise unequivocally to
MIL-53ĲAl)np networks (MIL-53ĲAl)np_1 and MIL-53ĲAl)np_2).
In the case of MIL-53ĲAl)np_2, the outgassing process (260 °C
for 1 d) does not completely eliminate the TPA trapped in
MIL-68ĲAl)_2 (a small step of 0.5% at 300–370 °C is seen in
the thermogram of MIL-53ĲAl)np_2). It is worth mentioning
that the framework stability of the MIL-68(Al) products (MIL-
68ĲAl)_1 and MIL-68ĲAl)_2) is as high as that of MIL-53ĲAl),
achieving a thermal improvement of 50 °C (from 430 °C in
MIL-68ĲAl)as to 480 °C in MIL-53(Al) (as and np)), in such a
way that the stability was not affected by the distinct pro-
cesses performed to achieve the final MIL-53ĲAl)np com-
pounds (outgassing and immersion in DMF at high tempera-
ture). This could be related to the crystal size. Larger crystals
have a higher mass transport resistance, hindering their de-
composition process36 and, in the case of porous materials,
delaying the removal of trapped molecules.37
Nuclear magnetic resonance (NMR) spectra of the MIL-
53ĲAl)np and MIL-53ĲAl)np_2 samples were taken to study the
reversibility of the transformation in depth. The 13C cross
polarization-magic angle spinning (CP-MAS) NMR spectra are
depicted in Fig. S4.† The strong and weak signals in MIL-
68ĲAl)as and MIL-53ĲAl)np_2, respectively, at 170 ppm are due
to the carbon of the carboxylic (–COOH) groups from both
guests and ligands.19 As confirmed by FTIR (Fig. S2†) and
TGA (Fig. S3†), MIL-68ĲAl)as barely contained TPA molecules
in its pores, indicating that this signal is mainly produced by
the carboxylates. The weak signal in MIL-53ĲAl)np_2 at 170
ppm is ascribed to the carboxylic groups of the small amount
of free TPA, in agreement with the TGA discussed above.
The products of the transformations (MIL-68ĲAl)_2, MIL-
53ĲAl)np_2 and MIL-53ĲAl)np_1) present type I isotherms, like
MIL-68ĲAl)as and MIL-53ĲAl)np, so that they retained their
microporosity (Fig. S5†). MIL-53ĲAl)np_1 and MIL-53ĲAl)np_2
(1253 and 1167 m2 g−1, respectively) exceed the BET specific
surface areas of MIL-68ĲAl)as and MIL-53ĲAl)np (1121 and
1051 m2 g−1, respectively). In most cases, the BET specific
surface areas of both MIL-53ĲAl)np_1 and MIL-53ĲAl)np_2 are
also higher than those of the MIL-53ĲAl)np materials reported
in the literature (819–1235 m2 g−1, Table S1†). The outgassing
at 260 °C for 1 d was effective enough to achieve a higher de-
gree of activation. Despite this, MIL-53ĲAl)np_2 contained still
a small amount of TPA, as observed by FTIR, TGA and NMR,
leading to a lower BET surface area than that of MIL-
53ĲAl)np_1. MIL-68ĲAl)_2 had the lowest BET surface area
(391 m2 g−1) due to the unsuccessful removal of DMF mole-
cules during the outgassing prior to the sorption
measurements.
It is worth mentioning that when MIL-68ĲAl)as was used to
achieve the transformation from MIL-68(Al) to MIL-53(Al) un-
der the same conditions (outgassing, 260 °C), the product af-
ter the conversion was MIL-53ĲAl)lp instead of MIL-53ĲAl)np
(Fig. S6†). This may be due to the lower crystallinity of MIL-
68ĲAl)as and, thus, the outgassed products. The lower order
in lattice would impede the contraction of the structure upon
water adsorption from the environment. The reaction was
not completed after 24 h and the products after outgassing
for 8, 16 and 24 h lost crystallinity (Fig. S1b and S6†), proba-
bly due to the smaller crystal size of MIL-68ĲAl)as (ca. 1.25
μm) in comparison with that of MIL-68ĲAl)_1 and MIL-
68ĲAl)_2 (ca. 5–10 μm).
Fig. 4 displays the suggested mechanism for the transfor-
mations between MIL-53(Al) and MIL-68ĲAl). It is thought that
when DMF entered the pores of MIL-53ĲAl)as and MIL-
53ĲAl)np, it replaced and dissolved water and TPA, respec-
tively. DMF molecules have been reported to serve as tem-
plates for the formation of the triangular pores of MIL-68,24
so that DMF molecules strongly react with the acute vertex of
the rhombic MIL-53(Al) pores. Some Al-terephthalate bonds
broke and new ones were created, forming triangular chan-
nels by dividing the rhombic channels through the obtuse
vertices and enclosing DMF molecules (Fig. 4a). The steric
hindrance provoked a general structural movement of expan-
sion in two steps. First, the inorganic octahedral chains were
aligned to originate hexagonal cavities in such a way that
rows of hexagonal and triangular pores were alternated
(Fig. 4b). Second, every other hexagon centre in the same row
was occupied by the adjacent inorganic chain linking two tri-
angular channels (Fig. 4c). This involved the breakage and
formation of metal–ligand bonds. The result was a
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the Kagomé topology of MIL-68(Al) with the triangular pores
filled with DMF molecules. The transformation from MIL-
68(Al) to MIL-53ĲAl)np followed the inverse mechanism. Since
outgassing removed the DMF molecules, the triangular pores
became empty and unstable. Inorganic chains linking two tri-
angular channels from alternate columns moved to adjacent
hexagon centres with the consequent breakage of the coordi-
nation bonds (Fig. 4d). New metal–ligand bonds were formed
with the free one-end ligands. The inorganic chains moved to
occupy the hexagon centres in such a way that a structural
contraction was induced (Fig. 4e). Finally, terephthalate an-
ions splitting the rhombi broke one of the coordination
bonds and closed the open rhombic channels through a new
linkage to other octahedral chains to yield the sra topology of
MIL-53(Al) (Fig. 4f). It is thought that the MIL-53ĲAl)lp phase
was initially achieved, but the water adsorption from the en-
vironment shrunk the pores and led to the MIL-53ĲAl)np
form. According to the SEM images, the reversible transfor-
mation followed a uniform conversion model where the
rearrangement reactions were produced simultaneously over
the whole crystal to generate MIL-68(Al) or MIL-53ĲAl). It is
worth remembering that the MIL-type crystals preserved their
size, shape and crystallinity in spite of the breakage and for-
mation of coordination bonds caused by the exchange and
removal of guests.
In summary, the reversible crystalline-state transformation
between the sra and Kagomé topologies of the polymorphs
MIL-53(Al) and MIL-68ĲAl), respectively, is reported. The
transformation was caused by the exchange or removal of
guest molecules from the pores, giving rise to reorganization
reactions through the cleavage and formation of coordination
bonds. The transformation followed a uniform conversion
model where crystals were not damaged. The process gave
highly crystalline MIL-68(Al) with improved thermal stability.
The structural interconversion capability between MIL-53(Al)
and MIL-68(Al) following an external stimulus enables their
use as smart materials in molecular recognition, guest ex-
change and sensors.
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